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ABSTRACT
Understanding the dynamics and kinematics of out-flowing atmospheres of hot and warm exoplanets
is crucial to understanding the origins and evolutionary history of the exoplanets near the evaporation
desert. Recently, ground based measurements of the meta-stable Helium atom’s resonant absorption
at 10830 A˚ has become a powerful probe of the base environment which is driving the outflow of
exoplanet atmospheres. We report evidence for the He I 10830 A˚ in absorption (equivalent width ∼
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0.012 ± 0.002 A˚) in the exosphere of a warm Neptune orbiting the M-dwarf GJ 3470, during three
transits using the Habitable Zone Planet Finder (HPF) near infrared spectrograph. This marks the
first reported evidence for He I 10830 A˚ atmospheric absorption for a planet orbiting an M-dwarf.
Our detected absorption is broad and its blueshifted wing extends to -36 km/sec, the largest reported
in the literature to date. We modelled the state of Helium atoms in the exosphere of GJ3470b based
on assumptions on the UV and X-ray flux of GJ 3470, and found our measurement of flux-weighted
column density of meta-stable state Helium (NHe23S = 2.4 × 1010cm−2), derived from our transit
observations, to be consistent with model, within its uncertainties. The methodology developed here
will be useful to study and constrain the atmospheric outflow models of other exoplanets like GJ
3470b which are near the edge of the evaporation desert.
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1. INTRODUCTION
The conventional probe for escaping atmo-
spheres has been the Lyα absorption from the
ionized exosphere during a planetary transit.
This technique has produced exosphere discov-
eries around hot Jupiters, and hot and warm
Neptunes, e.g., HD 209458b (Vidal-Madjar
et al. 2003), GJ 436b (Kulow et al. 2014), and
GJ 3470b (Bourrier et al. 2018). Ehrenreich
et al. (2015) mapped an extended comet-like
trail of escaping atmosphere from GJ 436b using
the absorption signatures in the blue wings of
Lyα. Bourrier et al. (2018) performed a similar
analysis for GJ 3470b using Lyα observations
from HST and detected an extended exosphere
with neutral hydrogen around GJ 3470b.
While Lyα is a powerful probe of evaporating
atmospheres, it has two major drawbacks. The
extinction loss due to interstellar absorption of
Lyα, as well as the contamination from geocoro-
nal emission, render the central core of the Lyα
line unusable. This implies one can probe only
the high velocity regions of the exo-spheres via
fitting the wings of the Lyα line. The UV ob-
servations also have to be done from space—
above the Earth’s atmosphere—rendering them
expensive and hard to do for a large number of
systems.
Oklopcˇic´ & Hirata (2018) recently suggested
the absorption lines of a metastable state of
Helium at 10830 A˚ as an alternative probe
of evaporating exoplanet atmospheres. He I
10830 A˚ lines are not affected by the interstellar
medium, and are observable from the ground us-
ing high resolution near-infrared spectrographs.
Since the core of the line is accessible, even the
low velocity base regions of the outflowing exo-
sphere is detectable. High resolution spectra
enable us to isolate the stellar spectrum from
the planet’s absorption spectrum which is mod-
ulated by the radial velocity of the planet. High
resolution is also crucial for removing contami-
nation from narrow telluric absorption lines for
ground based observations.
The search for He I 10830 A˚ absorption is not
new. Seager & Sasselov (2000) proposed that
this would be a large signature in F9V type
star, HD 209458, though a search by Moutou
et al. (2003) with VLT/ISAAC did not yield a
detection. Turner et al. (2016) had identified
He I 10830 A˚ along with other lines as a po-
tential transition for transit spectroscopy. Re-
cently, a handful of detections were made suc-
cessfully around K-star planets, namely WASP-
107b (Spake et al. 2018; Allart et al. 2019),
HD 189733 b (Salz et al. 2018), HAT-P-11b
(Mansfield et al. 2018; Allart et al. 2018) and
WASP-69b (Nortmann et al. 2018), and one G-
star planet HD 209458b (Alonso-Floriano et al.
2019).
In this paper, we report the evidence for He
I 10830 A˚ during the transit of GJ 3470b, a
warm Neptune orbiting an M-dwarf star, us-
ing the Habitable-zone Planet Finder (HPF)
on the 10 m Hobby-Eberly Telescope (HET) at
McDonald Observatory. Section 2 outlines our
HPF observations. We discuss our He I 10830
A˚ results and associated modelling in Section 3,
and we finally summarize our key conclusions in
Section 4.
2. OBSERVATIONS AND DATA
REDUCTION
We observed GJ 3470 at different phases of GJ
3470b’s orbit using the Habitable-zone Planet
Finder (HPF) spectrograph (Mahadevan et al.
2014; Metcalf et al. 2019). HPF is a near-
infrared precision radial velocity spectrograph
covering the wavelength regime of 8079 – 12786
A˚ at a resolution of R∼55,000. HPF is ac-
tively temperature controlled to the mK level
to enable exquisite spectral stability and pre-
cision radial velocities in the NIR (Stefansson
et al. 2016). Due to the HET design (Ramsey
et al. 1998; Shetrone et al. 2007), we are lim-
ited to observe for a track length of ∼1 hr per
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night at GJ 3470’s declination. We observed
three transits of GJ 3470b on 2018-11-30 UT,
2019-01-19 UT, and 2019-04-16 UT, when the
transits aligned with the observable window of
the HET. Out-of-transit observations were con-
ducted on 2019-01-04 UT, 2019-01-27 UT and
2019-04-17 UT. Three frames of 916 seconds in-
tegration time were taken in each of the ∼1 hr
tracks during in-transit and out-transit obser-
vations. The median signal-to-noise ratio of in-
dividual spectra was ∼100 per pixel for the 1st
transit, and ∼200 for the 2nd and 3rd transit.
The median number of pixels per resolution el-
ement in HPF is 2.8.
Echelle spectra of GJ 3470 from HPF were
reduced using our HPF spectral extraction
pipeline. The pipeline first generates 2D flux
images (in units of electrons per second) from
the up-the-ramp H2RG readout data (Ninan
et al. 2018). A formal pixel-by-pixel variance
image is also generated and propagated through
the pipeline. The simultaneous Star, Sky and
Calibration fiber spectra (as well as variance es-
timates) are then extracted from this 2D image
(Kaplan et al. 2018).
To minimise scattered light contamination, no
simultaneous calibration light spectra was used
during the observations. The wavelength cali-
bration of the extracted spectra was done us-
ing a custom built frequency stabilised laser
comb (LFC; Metcalf et al. 2019) measurements
taken throughout the night, inversely weighted
by the time difference between science and LFC
images following the methodology in Metcalf
et al. (2019) and Stefansson et al. (2020). All
of our analysis and plots are in vacuum wave-
lengths. The spectra are then flat corrected and
deblazed.
Sky emission lines are subtracted using the
simultaneous sky spectrum. This step also sub-
tracts out the smooth background scattered
light due to the proximity of the sky fiber to
the star fiber image on the detector. A 7 pixel
median filter smoothing was applied to the sky
fiber data in regions devoid of emission lines to
reduce the noise in continuum regions of sky
emission spectrum. Stellar continuum was also
removed by fitting a quadratic polynomial con-
tinuum. Telluric absorption lines were corrected
using an improved version of TERRASPEC
code (Bender et al. 2012), a wrapper around
LBLRTM (Clough et al. 2005). A good sky emis-
sion line subtraction and telluric absorption cor-
rection was crucial since He I 10830 A˚ falls close
to a strong OH emission lines as well as water
absorption lines. The residuals in the sky and
telluric corrected regions are still dominated by
imperfect modelling and they are significantly
above the photon noise.
Due to HET’s constrained pointing—resulting
in short (∼1 hour long) observation windows on
GJ 3470—our out-of-transit and in-transit ob-
servations are spread across multiple nights. To
down-weight the region of the spectrum par-
tially recovered from sky and telluric correc-
tions, the variances of those regions are artifi-
cially inflated by a large factor (∼100). In doing
so, this allows us to combine multiple epochs
(with different barycentric shifts) weighted by
the variance and obtain an average spectrum
without residual artifacts from imperfect tel-
luric and sky emission subtraction dominating.
The GJ 3470 system’s parameters used in this
paper are summarized in Table 1.
3. RESULTS AND DISCUSSION
3.1. Evidence for He I 10830 A˚ Absorption
during transits
The blue curve at the top of Figure 1 shows
the weighted average of all the in-transit spectra
from three transit epochs divided by the average
of the out-of-transit spectra. The vacuum wave-
lengths of the He 10830 A˚ triplet in the planet’s
rest frame are marked by the orange vertical
lines. Since the telluric correction as well as the
sky emission line subtraction are not perfect,
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Table 1. Orbital parameters of GJ 3470b used in calculation
Parameter Value Description Reference
γ 26.090 Absolute stellar RV ( km s−1) Gaia Collaboration et al. (2018)
Teff 3600 Stellar effective temperature (K) Awiphan et al. (2016)
[Fe/H] 0.20 Stellar metallicity Awiphan et al. (2016)
log g 4.695 Stellar surface gravity Awiphan et al. (2016)
M∗ 0.51 ±0.06 Stellar mass (M) Biddle et al. (2014)
R∗ 0.48 ±0.04 Stellar radius (R) Biddle et al. (2014)
T0 2456677.727712 ±0.00022 Transit midpoint (BJDTDB) Dragomir et al. (2015)
T14 0.07992 ±0.001 Transit duration (days) Dragomir et al. (2015)
P 3.3366413 ±0.0000060 Period (days) Dragomir et al. (2015)
e 0.114 ±0.052 Eccentricity Kosiarek et al. (2019)
ω -1.44+0.1−0.04 Argument of periastron (radians) Kosiarek et al. (2019)
K 8.21+0.47−0.46 RV semi amplitude ( m s
−1) Kosiarek et al. (2019)
Mpl 12.58
+1.31
−1.28 Mass of the planet (M⊕) Kosiarek et al. (2019)
b 0.47+0.074−0.110 Impact Parameter Dragomir et al. (2015)
regions of sky/telluric contamination have en-
larged error bars as discussed in Section 2. The
weighted average of all combinations of transits
taken two at a time is also shown in the curves
below. The single peak observed at 10833 A˚ is
not present in Transit 2 and 3, it is only seen
in Transit 1. However, since 10833 A˚ was sepa-
rated from the telluric band only during Tran-
sit 1, it did not get averaged out in the final
weighted average. Since Transit 1 had only half
the S/N compared to other two transits we sus-
pect this is an artifact due to photon and de-
tector noise (see blue curves in Figure 5 for the
individual ratio spectrum from Transit 1). For a
null result comparison, one of the out-of-transit
epochs is also shown in Figure 1. These data
are processed the same way as other in-transit
spectra, and we do not see any signatures of ab-
sorption inside the He 10830 A˚ triplet window.
3.2. Column Density Measurement from
Equivalent Width Analysis
We measure the integrated equivalent width
(EW) of the detected broad absorption in
the vacuum wavelength range (10831.9 A˚ to
10833.6 A˚ ) in Figure 1 to be 0.012 ±0.002A˚ .
We ignored the J=0 line (10832.06 A˚ in vac-
uum) of the triplet since its oscillator strength
is only 1/8th of the other two lines combined,
so it is below our continuum noise (J=0 line
is the dashed orange line in Figure 1). The
resonant scattering absorption of He I 10830 A˚
is directly proportional to the number density
of He I in the 23S metastable triplet state. We
use the curve of growth analysis in the optically
thin regime to estimate the column density of
He 23S metastable atoms,
NHe23S =
EW
8.85 ∗ 10−13
1
λ22 × fik2 + λ23 × fik3
cm−2,
(1)
where NHe23S is the column density of He
2
3S
metastable atoms in cm−2, EW is the measured
combined equivalent width of J=1 and J=2 lines
of He 10830 A˚ triplet in units of A˚, λ2 and λ3 are
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Figure 1. Evidence of broad He 10830 absorption (EW: 0.012 ±0.002A˚) in the wavelength range 10832.2
to 10833.4 A˚ in the in-transit / out-transit spectrum during three transits of GJ 3470b. The x-axis shows
vacuum wavelength in planet’s rest frame at mid-transit. The rest vacuum wavelengths of the He 10830 A˚
triplet lines in planet’s rest frame are marked by the vertical dash and solid orange lines. The grey region
highlights the broad absorption discussed in this paper, and it is the wavelength window we used to measure
reported equivalent widths. The expected line profile from our simple model described in Section 3.3.1 is
also shown for comparison by the red curves. An out-of-transit epoch divided by the reference out-of-transit
spectrum is also shown at the bottom, demonstrating the lack of any absorption in out-of-transit data.
Evidence for He I 10830 A˚ in the atmosphere of GJ 3470b 7
the wavelengths of the J=1 and J=2 triplet lines
in units of microns, and fik2 and fik3 are the
oscillator strengths of the lines taken from the
NIST Atomic Spectra Database Lines Database
(Drake 2006).
Substituting our measured EW, we obtain
NHe23S = 2.4 × 1010 cm−2. This measured EW
is a flux weighted average across the unresolved
stellar disc during the transit. Hence, the col-
umn density we measure is also a stellar disc
flux weighted average column density of the ex-
osphere during the transit.
3.3. Theoretical Column Density from an
Exosphere Model
We modeled the steady state Helium distri-
bution in the outflowing exosphere of GJ 3470b
using the formalism and state transition coeffi-
cients outlined in Oklopcˇic´ & Hirata (2018). Us-
ing hydrodynamic simulations Salz et al. (2016)
show that the exosphere of GJ 3470b is not
isothermal. We therefore do not use a Parker
wind model for our atmospheric analysis, but
solve for the steady state Helium distribution
using the velocity and density field of the exo-
sphere from the Salz et al. (2016) PLUTO-CLOUDY
hydrodynamic simulations. To be internally
consistent, we also used the GJ 3470 stellar SED
used by Salz et al. (2016).
The X-ray spectrum of GJ 3470 we used from
Salz et al. (2016) is calculated using the plasma
emission model from CHIANTI (Dere et al. 1997,
2009) normalised to the X-ray luminosity of GJ
3470b estimated based on the stellar rotation
period and the stellar mass (Pizzolato et al.
2003). The EUV flux (100 A˚ to ∼912 A˚), which
is critical for these calculations due to the strong
dependence of Helium ionization, comes from
the scaling of the model-dependent Lyα flux
(Linsky et al. 2014). The model-dependent Lyα
flux of GJ 3470 itself is estimated by the Linsky
et al. (2013) model based on the X-ray luminos-
ity. See Section 2.2 of Salz et al. (2016) for more
details. This model-dependent irradiance spec-
trum of GJ 3470 is the source of the biggest
uncertainty in our calculations. However, the
model-dependent Lyα flux Salz et al. (2016) de-
rive, and the value we adopt here, is consistent
with the Lyα flux measured by Bourrier et al.
(2018) during three transits of GJ 3470b using
the Space Telescope Imaging Spectrograph in-
strument on board the Hubble Space Telescope
(HST).
As most of the free electrons in the atmo-
spheres of exoplanets come from ionized Hy-
drogen, to obtain the electron density of GJ
3470 atmosphere, we first solved for the steady-
state of Hydrogen following Oklopcˇic´ & Hirata
(2018). To obtain the steady state distribution
of Helium atoms, we briefly discuss here the
relevant system of integro-differential equations
from Oklopcˇic´ & Hirata (2018), given by,
v
∂f1
∂r
= (1− f1 − f3)neα1 + f3A31 − f1Φ1e−τ1
− f1neq13a + f3neq31a + f3neq31b
+ f3nH0Q31,
(2)
and,
v
∂f3
∂r
= (1− f1 − f3)neα3 − f3A31 − f3Φ3e−τ3
+ f1neq13a − f3neq31a − f3neq31b
− f3nHoQ31,
(3)
where f1 and f3 are the fractions of neutral
Helium in the ground state of the singlet and
triplet states, respectively, v is the velocity of
the out-flowing exosphere as a function of ra-
dius we adopt from Salz et al. (2016), ne is the
density of free electrons we obtained by solv-
ing the steady-state of Hydrogen, and α1 and
α3 are the Helium recombination rates to sin-
glet and triplet state from Osterbrock & Fer-
land (2006), respectively. The collision coeffi-
cients qijk and Q31 are from Oklopcˇic´ & Hirata
(2018), calculated using coefficients from Bray,
I. et al. (2000); Roberge & Dalgarno (1982).
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The radiative decay rate A31 from the Helium
metastable state to singlet state is adopted from
Drake (1971). Φ1 and Φ3 are the effective pho-
toionization rate coefficients calculated using,
Φi =
∫ λ2
λ1
λFλ
hc
aλdλ, (4)
where, Fλ is the irradiated flux on GJ3470b de-
scribed earlier in this section, aλ is the photoion-
isation cross section taken from Brown (1971)
for the singlet state, and from Norcross (1971)
for the triplet state. For the singlet state, the
integral is evaluated up to the ionisation wave-
length of Helium (504 A˚), while for the triplet
state the integral is computed in the inter-
val starting at Lyman limit1 (911.6 A˚) to the
metastable state ionization wavelength (2583
A˚).
To calculate the optical depths τ1 and τ3 as a
function of radius for the singlet and metastable
states of Helium, we compute the following in-
tegrals,
τ1 = aoH
0.9
1.297 ∗mp
∫ ∞
r
(1− fH+)ρ(r)dr
+ aoHe
0.1
1.297 ∗mp
∫ ∞
r
f1ρ(r)dr,
(5)
and,
τ3 = aoHe2S3
0.1
1.297 ∗mp
∫ ∞
r
f3ρ(r)dr, (6)
where mp is the proton mass, ρ(r) is the den-
sity of the GJ3470b exosphere from Salz et al.
(2016), fH+ is the fraction of ionized Hydro-
gen we obtained by solving the steady-state of
Hydrogen. aoH and aoHe are GJ3470b’s irradi-
ation flux-averaged Hydrogen and Helium ion-
isation cross sections in the wavelength range
1 Photons of energy higher than Lyman limit are many
orders of magnitude more likely to be absorbed by the
Hydrogen than He23S, hence the beginning of the integral
window was chosen to be at 911.6 A˚
up to Helium ionisation (504 A˚). aoHe2S3 is the
flux-averaged cross section of He 23S in the wave-
length range 911.6 A˚ (hydrogen ionisation) to
2583 A˚ (He 23S ionisation).
We solve Equations 2 & 3 iteratively as an
initial boundary value partial differential equa-
tion by starting with an initial estimate for the
optical depth integral term (Equations 5 & 6).
Using the resulting solution, we updated the in-
tegral term in Equations 5 & 6. The final so-
lutions converged within one or two iterations
since the integral term has impact only in the
high opacity base region of the outflowing at-
mosphere. The differential equation of He 23S
metastable atoms (Equation 3) is very stiff for
high densities of GJ 3470b, and we therefore
used a Radau solver with adaptive dense grid-
ding (Hairer & Wanner 1996).
The one dimensional radial density distribu-
tion of He 23S metastable atoms obtained above
is then integrated assuming a spherical exo-
sphere to obtain column densities at different
impact parameters from the planet (Figure 2b).
We expect the model to fail beyond the Roche-
lobe due to complex stellar wind interactions.
We estimate the volume-equivalent Roche-lobe
radius of the GJ 3470b system to be 3.12 Rp fol-
lowing Eggleton (1983). The teardrop shaped
Roche-lobe’s extent on the star-planet axis is
5.96 Rp (Salz et al. 2016). Both of these points
are explicitly highlighted in Figure 2. Assum-
ing an impact parameter of b = 0.47 (Dragomir
et al. 2015), Figure 2a shows the 2D projec-
tion of the system during the midpoint of the
transit. In Figure 2a we also illustrate the stel-
lar disc on top of the column density map of
He 23S metastable atoms. To estimate the flux-
averaged column density, we used a quadratic
limb darkening model where we calculated the
limb-darkening coefficients using the EXOFAST
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web-applet2 using the stellar effective tempera-
ture, metallicity and surface gravity from Table
1, in the J band. This flux-weighted average
column density is dependent on how far the exo-
sphere extends beyond the Roche-lobe; the pre-
dicted background stellar disc flux-weighted av-
erage column density of He 23S metastable atoms
as a function of the extent of GJ 3470b’s exo-
sphere is shown by the dashed line in Figure
2b).
3.3.1. Line Profile Model
The broad absorption we present evidence
for during the transit of GJ 3470b is possibly
the broadest He 10830 A˚ absorption reported
in the literature to date. It spans a velocity
range of -36 km/sec to +9 km/sec. Figure 3a
shows the outflowing exosphere velocity from
Salz et al. (2016). The wind reaches only ve-
locities up to ∼10 km/s inside 3.12 Rp—the
volume-equivalent Roche-lobe radius. Both the
volume equivalent Roche lobe radius as well as
the Roche lobe extent on the star-planet axis
(5.96 Rp) is marked by vertical lines in the plot.
The line of sight velocity of the Helium atoms
we see during the transit is the sum of the hy-
drodynamic driven wind velocity plus the stel-
lar radiative acceleration, and the planet’s or-
bital radial velocity at the instant of their es-
cape from the planet’s gravitational potential.
For example, Helium atoms escaping the planet
potential ∼2.5 hours before the transit will have
a line-of-sight velocity of ∼-30 km/s during the
transit due to change in the line of sight com-
ponent of planet’s orbital velocity. Figure 3b
shows the time a Helium atom will take to travel
the distance based on the wind model after it
leaves the Roche lobe. Atoms which escape the
potential 2.5 hours before the transit will be at
∼8 Rp, which is well within the projected stellar
disc.
2 http://astroutils.astronomy.ohio-state.edu/
exofast/limbdark.shtml
For calculating the line profile predicted by
our model, we need to calculate the line-of-sight
velocity field of the GJ 3470b exo-sphere at
all impact parameter positions and radial dis-
tances. For the region inside the volume equiv-
alent Roche Lobe, we consider only the line-
of-sight projection of the radial hydrodynamic
wind velocity. For the region outside the Roche
lobe, we added the line-of-sight component of
the hydrodynamic wind to the difference in the
planet’s radial velocity between present and the
time at which gas at a certain altitude escaped
the Roche lobe. Figure 3c shows this velocity
field. The observer on Earth is towards the left
side of the axis and the host star is towards the
right side. The negative line-of-sight velocity
implies gas is moving towards the observer. In
reality, there will be additional blue shift due to
the interaction with stellar wind. We do not in-
clude any stellar wind induced blue shift of the
exo-sphere in our line model.
To model the line profile, we used the Voigt
profile. The modeling methodology is mostly
similar to Oklopcˇic´ & Hirata (2018), the only
difference is in not assuming a spherically sym-
metric velocity field, and using the GJ 3470b
system’s impact parameter and stellar disc limb
darkening model while integrating the absorp-
tion line profile across the stellar disc. The
temperature of the gas for the thermal Gaus-
sian component of the modelled Voigt profile
was taken to be 7000 K (Salz et al. 2016; Bour-
rier et al. 2018). The He 10830 line’s Einstein
coefficient for the Lorentzian component of the
Voigt profile was taken from NIST Atomic Spec-
tra Database Lines Database (Drake 2006). The
oscillator strengths for the cross section calcu-
lation of each triplet line is also taken from the
NIST Database. These cross sections, along
with the radial density distribution of the meta
stable Helium we obtained in our model (Sec-
tion 3.3) were integrated to obtain the optical
depth at different impact parameter distances
10 J. P. Ninan et al.
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Figure 2. a) The 2D diagram showing the projection of the Roche lobe radii as well as the GJ3470 stellar
disc on top of the spherical 1D He 23S metastable atom column density map predicted by our 1D simulation
of GJ 3470b. The volume equivalent Roche lobe radius as well as the Roche lobe extent on the star-planet
axis is marked by the dot and dashed circles respectively. The large circle marks the disc of the star. b)
The radial cut plot of the column density along the blue line in left figure is shown here as “Radial NHe23S”.
The volume equivalent Roche lobe radius as well as the Roche lobe extend on the star-planet axis is marked
by the square and dot respectively. The triangle marks the radius of the star. The dashed line shows the
background stellar disc flux averaged column density predicted by our model at the center of the transit. It
is a function of the assumed extent of the exo-sphere beyond the volume-equivalent Roche lobe as shown on
left.
from the planet. Density of meta-stable Helium
outside 13 Rpl (radial limit of our 1D model) was
set to zero in our integrals. Using a quadratic
limb darkening model, we averaged the trans-
mission curve across the disc to obtain the net
transmission profile of the He 10830 triplet lines
in GJ 3470b during the transit. Since the mea-
sured column density is less than the model pre-
dicted column density by a factor of 10 (see Sec-
tion 3.4), we scaled down the density distribu-
tion from our model also by a factor of 10. This
predicted line profile is over plotted over all the
transit and out of transit ratio spectra in Figure
1.
3.3.2. Limits of the Model
The simplified one dimensional model we pre-
sented here is to check whether the strength of
our claimed Helium 10830 A˚ absorption in the
exo-planet atmosphere is within the limits of ex-
pected physical conditions. A true three dimen-
sional wind model where the stellar irradence is
only on one side of planet is known to have lesser
density on an average in all angles by a factor
of 4 than the one dimensional symmetric wind
model we used (Stone & Proga 2009).
The other major source of uncertainty in our
model is the irradiated flux in the wavelengths
shorter than Helium ionization (λ < 512 A˚).
As briefly outlined in the section above, it is
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Figure 3. a) The top left panel shows the one dimensional wind velocity model for GJ 3470b from Salz
et al. (2016). The volume equivalent Roche lobe radius as well as the Roche lobe extent on the star-planet
axis is marked by the square and dot respectively. b) The lower left panel shows the time of flight for a
Helium atom to reach a certain radius from the volume equivalent Roche lobe radius. c) The line-of-sight
velocity field of exo-sphere around GJ 3470b, Earth observer is towards the left side of the axis and the host
star is towards the right side.
estimated by a chain of empirical models. We
expect the Helium ionization flux to have a sig-
nificant influence on the population of meta-
stable He atoms. To study the impact, we simu-
lated how the predicted column density of He 23S
metastable atoms changes when we suppress the
irradience at wavelength shorter than 504 A˚ by
different factors3. Results are shown in Figure
4. Since we wanted to probe only the impact on
the steady state of Helium atoms, the underly-
ing velocity field and density used in the differ-
ential equation was kept fixed, and is the same
as the Salz et al. (2016) hydrodynamic model
for the original irradiance. It is very instruc-
tive to see that the observed column density of
3 The reason we chose 504 A˚ for this test instead of
512 A˚ is because photons of energy higher than 504 A˚
are more likely to ionize a Helium atom than Hydrogen
atom due to the factor of 10 lower abundance of Helium
than Hydrogen. We want to probe the impact on Helium
ionization alone without significant change to Hydrogen
ionization.
metastable Helium is reduced proportionally to
the reduction in the Helium ionization flux.
In real systems, since the mass outflow is pro-
portional to the energy absorbed in the lower
atmosphere from irradiance, there will be an ad-
ditional proportional reduction in density when
the EUV flux irradiation is reduced. Hence, the
combined effect of reduction in Helium ionizing
radiation is quadratic on the column density of
meta-stable Helium atoms.
A few more ways the underlying density of the
wind we used in our simulation from Salz et al.
(2016) can be impacted is summarized in Table
2 of Salz et al. (2016).
3.4. On the Difference Between the Predicted
and Measured Column Densities
As described in Section 3.2, the measured flux
weighted column density of He 23S is NHe23S =
2.4× 1010cm−2. This is a factor of 10 less than
predicted by our one dimensional hydrodynamic
model described in Section 3.3. However, as dis-
cussed in Section 3.3.2, if we correct our simula-
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Figure 4. The column density of He 23S metastable
atoms predicted by the 1D simulation of GJ 3470b
is reduced proportionally to the flux in wavelengths
less than 504 A˚ when everything else—including
the density and velocity—is kept fixed. The volume
equivalent Roche lobe radius as well as the Roche
lobe extent on the star-planet axis is marked by the
square and dot respectively. The triangle marks the
radius of the star. The dashed lines show the flux
averaged column density predicted by this model
at the center of the transit as a function of the
extent of the exo-sphere beyond volume-equivalent
Roche lobe. The horizontal orange line shows the
measured average column density in transits of GJ
3470b using HPF.
tion for the 3D model simplification to 1D model
by the factor of 4 (Stone & Proga 2009), and
assume the Helium ionisation radiation is lesser
by a factor of 1.6 (which is well within the error
of the empirically derived EUV SED of GJ3470
in Salz et al. (2016)), we reduce the predicted
metastable Helium by a factor of 4× 1.62 = 10.
Hence, our observations are consistent with our
simplified model under the caveats outlined in
Section 3.3.2.
3.5. On the Difference in Model Line Profile
and the Observed Absorption Signature
We discuss a few possible reasons for differ-
ences in the shape of the simple model and ob-
served line profile below.
Stellar Activity: Some M dwarfs can be ac-
tive, and exhibit time variability in He 10830
absorption line (we note that not all M dwarfs
are active). In comparison to other transmis-
sion spectroscopy lines like Ca II K, Na I D and
Hα, active regions typically have He 10830 in
absorption (Cauley et al. 2018). Thus, when a
planet transits an active spot region on the host
star, He 10830 is more likely to result in an emis-
sion signature, than an absorption signature.
Thus He 10830 absorption signatures in transit
spectroscopy are more likely to originate in the
exo-sphere than from the stellar chromosphere.
However, under high density chromosphere con-
ditions (Andretta & Giampapa 1995), or active
flares, it is possible to obtain He 10830 in emis-
sion from the recombination cascade of ionised
Helium (Huenemoerder & Ramsey 1987). We
do not see any indication of flares during tran-
sit in the Ca II IR triplet lines. If the absorption
we detected was due to GJ 3470b transiting a
very active emission spot, we would expect the
absorption signal to not be present in all the in
transit spectra taken (see Figure 5). We have a
total of 9 in transit spectra, (3 spectra from 3
transits each). Since the phase of each spectrum
is slightly different, it is improbable that there
was an unusually strong emission spot of He
10830 during each of our transits. Hence, stellar
activity cannot explain the absorption signal we
detected during transit of GJ3470b. Stellar ac-
tivity, however, could probably explain some of
the emission structures, and there by the net ab-
sorption strength variations we measured across
the three transits.
Telluric Absorption & Sky Emission:
Systematics in telluric and sky emission line
modelling could potentially cause profile varia-
tions in the regions with high error bars in Fig-
ure 1. The regions with small error bars are free
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Figure 5. Individual in-transit by out-of-transit
ratio HPF spectrum of all 9 epochs from the three
transits are shown here. Blue curves are the three
spectra from the first transit, green are the sec-
ond transit spectra, and the red are the third tran-
sit spectra. The black curve is the weighted av-
erage with error bars of all the in-transit by out-
of-transit spectra. Translucent parts of the curves
are telluric and sky emission line corrected regions
in each spectrum. They are de-weighted to remove
any systematic artifacts from influencing the final
average. The x-axis shows vacuum wavelength in
the planets rest frame at mid-transit. The rest vac-
uum wavelengths of the He 10830 A˚ triplet lines in
planet’s rest frame are marked by the vertical dash
and solid orange lines.
of any telluric or sky emission line contamina-
tion in at least one epoch out of the three tran-
sit observations. Hence, imperfect telluric line
modelling errors cannot explain the absorption
signature.
Stellar Wind: Even though our simple
model which includes the orbital dynamics and
the hydro-dynamic outflow velocity could ex-
plain the large blue shifted profile seen in the
data, it does not fully explain the shape of the
detected line. Some component of this discrep-
ancy could be variability, however, we suspect
the stellar wind to play a major role. Since
stellar wind accelerates the exo-sphere towards
earth like a comet tail, it could further blue shift
the exo-sphere at the base of the exo-sphere
skewing the line profile to shorter wavelengths.
Further monitoring of the GJ 3470b’s He 10830
signature during transits will reveal greater in-
sights on the system.
4. CONCLUSION
We report evidence for He 10830 A˚ absorption
from meta-stable Helium atoms in the base of
the outflowing exosphere of the M dwarf planet
GJ 3470b in three transits using the Habitable-
zone Planet Finder (HPF) near-infrared spec-
trograph at the 10m Hobby-Eberly Telescope
at McDonald Observatory. This measurement
marks the first evidence for He 10830 absorp-
tion in an M-dwarf planet. Further, we detect
the Helium absorption in the velocity range of -
36 km/sec to +9 km/sec, marking the largest
blueshift of He 10830 absorption reported so
far in the literature. From our observed ab-
sorption, we measure an equivalent width of
EW = 0.012 ± 0.002A˚, corresponding to a
disc surface flux-averaged column density of
NHe23S = 2.4 × 1010 cm−2. Both the velocity
range and the column density we measure are
consistent with our exosphere model based on
the work of Salz et al. (2016) and Oklopcˇic´ & Hi-
rata (2018) to within the model uncertainties of
the UV and X-ray flux of GJ 3470. These obser-
vations suggest that detection of the He 10830
absorption around hot Neptunes is now within
reach of ground based facilities - opening up a
new window to probe these systems. Puzzling
aspects of the broad absorption seen remains-
which we have attempted to discuss the sources
of. We recommend future ground and space
based observations to probe the physics of this
absorption signal at even higher signal to noise.
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